Methods for the identification of individual crustaceans are needed in many types of studies. Snow crab (Chionoecetes opilio) individuals have distinctive natural patterns of tubercles and spines on the carapace. The results of a double-marking experiment using these natural markers along with genetic (microsatellite) markers confirm that natural markings are a reliable means of recognizing individuals within groups of tens to hundreds of snow crabs. These natural markings are persistent through at least two molts. They have already demonstrated their usefulness in laboratory studies of molting and mating and could be applied to a wider spectrum of investigations. A cursory examination suggests that similar carapace features could be used to identify individuals in other crustacean species as well.
INTRODUCTION
Recognition of individual animals is an important tool for many field and laboratory studies. Identification using artificial marks is believed to be the most reliable approach and dates back to 218 B.C. (see Hagler and Jackson, 2001) . Reasons for identifying individual animals include the study of demographics and ecology (Goodall, 1986) ; estimation of population size, survival, reproduction, and recruitment (Broderick and Godley, 1999; Langtimm and Beck, 2004; Castro and Rosa, 2005) ; determination of the distribution, foraging range and migration of individuals, populations or species (Campbell, 1986 (Campbell, , 1990 ; identification of individual animals for behavioral studies (Grellier et al., 2003; Duluc et al., 2005) ; and development and validation of aging techniques (Hartnoll, 2001) . Artificial marking techniques are routinely applied to diverse animal taxa: mammals (Grellier et al., 2003; Hillman et al., 2003) , birds (Scott, 1978) , fish (Castro and Rosa, 2005) , reptiles (Broderick and Godley, 1999) , amphibians (Bailey, 2004) and invertebrates (Rondeau and Sainte-Marie, 2001; Comeau and Savoie, 2002) .
A wide variety of materials and methods have been used to mark animals for biological research. Methods for identifying animals can be categorized according to mark durability (see Scott, 1978; Hagler and Jackson, 2001 ) as temporary (paints or dyes, adhesive tapes, trailing devices, hair/fur removal, fluorescent powders, radioisotopes), semipermanent (tags, neck collars, harnesses, bands, nocturnal lights, telemetry, archival data recorders) or permanent (branding, tattooing, passive integrated transponders, visible implant fluorescent elastomer tags, tissue removal such as ear notching and toe, disc or web clipping, and vital stains). Unfortunately, artificial marking techniques can cause undesirable effects ranging from short-term discomfort to long-term influences on behavior and survival (Broderick and Godley, 1999; Hagler and Jackson, 2001; Bailey, 2004) .
Tagging crustaceans can be problematic because they periodically shed their exoskeleton to grow. Tissue removal techniques, such as v-notching a lobster's telson, are only temporary because the notch may be breached through successive molts (see Daniel et al., 1989) . Conventionally attached external tags are lost at moulting (Hartnoll, 2001; MacDiarmid et al., 2005) . There are ways to get around this problem by freeze-branding (Fletcher et al., 1989) or using tags or microchips that are internally anchored in musculature (passive integrated responders, PIT tags; see Hartnoll, 2001 ), but usually these techniques cause distress, can compromise survival and growth, and are not cost-effective or easy to use.
In long-term laboratory growth and behavior experiments with snow crab (Chionoecetes opilio, O. Fabricius), hereafter simply called crab, large numbers of individuals were traditionally identified with a numbered plastic tag tied around the coxa of a pereiopod (see Rondeau and SainteMarie, 2001 ). However, after several months to years, crabs usually develop tissue swelling or necrosis at the point of attachment of the tag. The tags might also restrict the crab's movement or disrupt mating or social interactions, although these possible effects have never been studied. More recently, coded tags fixed on the dorsal side of the cephalothorax with polyacrylamide glue have been used, but problems with these and coxa-attached tags may arise in tank or mesocosm studies when more than one crab of similar size molts or loses its tag on the same day. Identification errors can occur even with daily monitoring and hence an alternative approach is desirable.
The use of natural features or markings to identify individuals, although common in studies of mammal behavior and ecology (Goodall, 1986; Friday et al., 2000; Gope et al., 2005) , has been much less explored in crustacean studies. However, MacDiarmid et al. (2005) used distinctive markings on the pedate processes, the epistoma and the antennular plate of southern temperate rock lobsters (Jasus edwardsii) to recognize individuals. This approach might therefore also be useful for Chionoecetes species that are already distinguished at the species level by shape and ornamentation of carapaces, e.g., pterygostomian spines; see Jadamec et al. (1999) . Photographs of unique natural markings of features, such as tubercles and spines, on the crabs' carapace and/or the exuviae of molted individuals could provide a non-invasive, cost-effective and easy way of identifying individual crabs. Double-marking can be used to assess the effectiveness of identification procedures and it has served this purpose often in studies of artificial tags but rarely in studies of natural markings. Double-marking experiments with the northern bottlenose whale (Hyperoodon ampullatus) showed that natural marks on two areas of the body were not reliable indicators of identity in 44% of individuals in the population over several years (Gowans and Whitehead, 2001) . Recently, advances in the development of microsatellite loci have made it possible to identify individual animals (see Avise, 1994) . The use of natural and genetic markers may therefore provide two independent sources of identification. The first double-marking experiment that used natural markings and microsatellite loci showed that natural markings on humpback whales (Megaptera novaeangliae) recorded in high quality photographs are 100% effective for identifying large numbers of individuals (Stevick et al., 2001) .
We report here on the results of a double-marking experiment in which snow crabs were identified by both natural and genetic markers. We describe the patterns of natural markings and how they vary among individuals, and we show that they are retained through molting and may be successfully used to discriminate individuals in large groups.
MATERIALS AND METHODS

Collection and Identification of Crabs
The collection and subsequent holding of live crabs followed methods described in Rondeau and Sainte-Marie (2001) , so here we provide only a brief summary of these methods. Prepubescent females (for terminology, see Alunno-Bruscia and Sainte-Marie, 1998) !45 mm in carapace width (CW) were captured with a 3-m beam trawl during October 2003 and 2004 on the south shore of the Lower St. Lawrence Estuary (ca. 488339N, 688359W). Females were caught and transferred daily to the Maurice Lamontagne Institute where they were held in large tanks supplied with fresh filtered seawater with temperature and salinity varying naturally within a range appropriate for the species (À0.5 to 3.58C and 26 to 29&). Photoperiod followed the natural light cycle. Crabs were fed semi-weekly with thawed shrimp (Pandalus borealis), capelin (Mallotus villosus), and squid (Illex illecebrosus).
Upon reception of females at Maurice Lamontagne Institute, the CW was measured to the nearest 0.01 mm using a vernier caliper (see AlunnoBruscia and Sainte-Marie, 1998) . Crabs were marked with individual coded tags fixed with polyacrylamide glue to the right side of the branchial region. Individual identification photographs were taken of the pattern of tubercles and spines on the dorsal side of the cephalothorax extending from the branchial region to the posterior margin. Photographs included the coded tags on the carapace. Photographs were taken using a Nikon D70 digital camera with Nikon macro lens (60 mm, 105 mm or 200 mm). All images were recorded with lossless compression (file format RAW). This file format enables retrieval of all the information required for optimal image quality and the desired controls were performed afterwards in Adobe PhotoshopÒ CS (Adobe Systems Incorporated, U.S.A). Prints for the trial identification experiments (see below) were made on an Epson stylus photo 2200 printer. Ilford professional smooth pearl inkjet paper was used. Other combinations of printers and papers would probably work just as well.
A small segment (' 3 mm 3 ) of the second maxilliped was taken from each crab for genotyping. Total DNA was isolated from the tissue of 332 females using the extraction protocol and solutions from QIAGEN DNeasyÒ Tissue Kit. The genotype was determined at 8 microsatellite loci (Cop 4, Cop 77, Cop 113, Cop 2, Cop 3, Cop 3-4 II, Cop 4-1 and Cop 24-3; see Urbani et al., 1998; Puebla et al., 2003) . Amplification of microsatellite loci followed protocols in Urbani et al. (1998) and Puebla et al. (2003) . Genotype profiles of crabs were obtained from an automated DNA Genotyper (ABI PRISMä 310, PE Applied Biosystems). The fragment sizes were determined by comparison with the internal standard used with each sample using Genescan and Genotyper (Applied Biosystems).
After tagging and tissue sampling, females were distributed among several communal holding tanks for various experiments. Most females molted to maturity from late January to early April in the year following their collection. Their exuviae were removed from the tank, dried and conserved. About 4 days after the molt, the females were re-tagged, remeasured to determine postmolt CW, and photographed again with the new coded tag included. Additional tissue from each female was taken weeks or months later for genetic confirmation of identity.
Thirteen females did not mature at first molting and were allowed to molt once more the following year. The second exuviae was also conserved and a third tissue sample was taken from the living female. The first and second exuviae were compared to the respective surviving female (51.6-67.5 mm CW; n ¼ 10) for changes in the pattern of natural markings. To assess the degree of change in relative spacing between diagnostic structures across molts, we measured off photographs of the related 2 exuviae and living female the linear distance (6 0.01 mm) between the centers of tubercles in three randomly-chosen pairs of tubercles using Carnoy 2.0 (http:// bio.kuleuven.be/sys/carnoy/). To control perspective, photographs were taken with the camera plane parallel to the surface of the shell between pairs of tubercles. For each combination of female (f ¼ 1 to 10), molt event (m ¼ 1 or 2) and tubercle pair (t ¼ 1 to 3), we calculated the relative increment (R) of inter-tubercle spacing at molting as R f ;m;t ¼ ðS f ;mpost;t À S f ;mpre;t Þ=S f ;mpre;t where S f,mpre,t and S f,mpost,t represent the distance in mm between the centers of the t th pair of tubercles respectively before (pre) and after (post) the m th molt. We then calculated the absolute departure (D) for individual tubercle pairs from mean R by female and molt event as D f ;m;t ¼ jR f ;m;t À ½ðR f ;m;t¼1 þ R f ;m;t¼2 þ R f ;m;t¼3 Þ=3j:
D values were arc-sine transformed to ensure normality (Sokal and Rohlf, 1995) . Homogeneity of variance of D among females within molt events was checked using Bartlett's test (Sokal and Rohlf, 1995) . We used ANOVA in a repeated measures design to test if D varied among females (as a fixed factor) and between molts (as the factor for repeated measures).
Trial Identification Experiment
Three inexperienced, non-biologist observers were independently provided with 85 photographs of pre-or post-molt females and 60 dried exuviae from the experiments. Each observer was given the same combination of photographs and exuviae. All of the photographs had a match among the exuviae and each of the exuviae had a match among the photographs, but some dried exuviae were represented by more than one photograph. Photographs were numbered from 1 to 85 and the coded tags on the carapace were erased in Adobe PhotoshopÒ CS before they were printed. The number of correct matches was scored for each observer. The performance of inexperienced observers represents an extreme test of the identification method's simplicity of learning and reliability. RESULTS Several striking and well-defined features of the dorsal carapace enable distinguishing individual snow crabs by eye. The easiest and fastest approach is to observe the pattern formed by the small tubercles on or along the transverse branchial ridge (area 1, Fig. 1 ). These small tubercles differ among individuals in colour, but more importantly in number, shape, size, and spacing, and they form unique patterns (Fig. 2) . Some individuals have very complex patterns with many tubercles, whereas others have simple patterns with few tubercles. For those crabs with very simple and possibly similar tubercle patterns on the transverse branchial ridge, further discrimination is possible by comparison of the tubercles along the longitudinal branchial ridge near the lateral margin (area 2, Fig. 1 ). These tubercles also vary in shape, size, spacing, and in their degree of alignment. Finally, the pterygostomian spines (Fig. 1 ) also vary considerably in shape (some simple, some bifurcate, some trifurcate), size, and spacing among individuals.
Close examination of all 332 female crabs and their exuviae indicated that every individual retained the same pattern of markings through 1 molt. Moreover, patterns were also conserved through 2 molts based on the 10 surviving females that were available for examination (Fig. 2) . This visual assessment is supported quantitatively by analysis of change in inter-tubercle spacing over 2 molts. Departures for individual tubercle pairs from the mean relative increment of inter-tubercle distance were very small and ranged from a minimum of 0.00% to a maximum of only 1.86% across females and molts. Departures averaged 0.03 to 1.24% by female during the first molt and 0.34 to 0.90% by female during the second molt (Fig. 3) . There was no difference in the variance of departures among females during the first (Bartlett's test, P ¼ 0.956) and second (P ¼ 0.631) molts. Furthermore, the repeated measures ANOVA indicated no difference in mean departure among females (F 9,20 ¼ 2.84, P ¼ 0.093) or between first and second molt (F 1,56 ¼ 1.634, P ¼ 0.216) and no interaction between female and molt event (F 9,20 ¼ 2.104, P ¼ 0.080). These analyses indicate that the relative spacing between tubercles was maintained or diverged only very slightly across 2 molts.
Photo-or exuviae-matching was 100% successful for identifying individual females, as confirmed by microsatellite analysis, both for females that lost their tags during experiments and for newly-molted females that were retagged. In all 332 cases, identification by natural markings and genetics concurred (see example in Fig. 2) . The three inexperienced observers obtained perfect scores (85/85) when independently matching exuviae to photographs or vice versa. This perhaps surprising success rate clearly demonstrates that photo-or exuviae-based matching is an easy and reliable method that requires no special background information; the inexperienced observers compared the task with that of assembling a puzzle rated age 5. Bateson, 1977) . Identification errors are usually the result of poor quality observations or photographs (Bateson, 1977; Friday et al., 2000) , the lack of distinctiveness of individual markings (Pennycuick and Rudnai, 1970; Friday et al., 2000) , or the lack of stability of markings over time (Sheldon and Bradley, 1989; Carlson et al., 1990) . The use of individual identification is based on the assumptions that no animal loses its marks during the study and that all marked animals are reported at the end. Tag loss has the potential to cause severe bias in many studies (see Stevick et al., 2001) .
Identification errors are in some respects similar to tag loss, though not equivalent. When a tag is lost, an individual is recorded as unmarked when in fact it should be marked. Visible features may change over time (see Carlson et al., 1990) and changes that render an individual unrecognizable would be equivalent to tag loss. When a naturally-marked animal is misidentified, however, it remains in the population and is incorrectly identified as 2 nominal individuals (Stevick et al., 2001) . Identification errors and tag loss may be particularly acute problems in crustacean studies, because many species molt rather synchronously (Alunno-Bruscia and Sainte-Marie, 1998) and are therefore likely to change size and lose externally attached tags at the same time. Therefore, reliable and preferably non-invasive identification methods are necessary.
The branchial ridges and pterygostomian spines of the cephalothorax of snow crab present distinctive features that vary considerably among individuals. Unique patterns of tubercles and spines there and elsewhere on the cephalothorax are conserved through at least two molts. Comparison of results from photographic and genetic identification confirms that natural markings of snow crab provide a reliable, cost-effective and easy method for identifying individuals that can be applied on a large scale. Our study corroborates the finding of individually distinctive, natural markings on three other crustaceans, the rock lobster Jasus edwardsii (MacDiarmid et al., 2005) , and the caridean shrimps Rhynchocinetes typus (Gallardo-Escárate et al., submitted) and Sclerocrangon boreas (own unpublished data). Biologists should find the natural markings approach a cost-effective and useful alternative (or confirmatory) method to artificial tagging for laboratory studies and perhaps even for field studies of sedentary or territorial crustaceans (MacDiarmid et al., 1991) .
Digital imaging technology simplified all aspects of photo-identification methodology for snow crab, including image acquisition, sorting, matching, archiving and cataloguing. Some programs, originally developed for cetaceans, may further reduce the amount of effort required to perform photo-based matching (program Finscan; see Hillman et al., 2003) . These programs compare new photographic images with a collection database. The matching process is usually based on the pattern of nicks and notches commonly found along the trailing edge of the dorsal fin of cetaceans. In the future, these programs could possibly be adapted to crustacean photo-identification.
Further exploration of the diversity of natural markings among crustaceans might prove as scientifically intriguing as it did with marine mammals and other animals. In particular, the possible importance of these individual patterns for sexual and societal interactions (see Murai and Backwell, 2006) should be investigated.
